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  Introduction 

•  M2020	
  rover	
  will	
  be	
  coring	
  and	
  caching	
  Mars	
  samples	
  for	
  
poten5al	
  future	
  Earth	
  return	
  

•  In	
  returning	
  to	
  Earth,	
  samples	
  would	
  be	
  exposed	
  to	
  a	
  range	
  of	
  
different	
  and	
  stressing	
  environments	
  

•  To	
  maximize	
  science	
  return,	
  samples	
  must	
  maintain	
  
mechanical	
  integrity	
  through	
  Earth	
  return	
  

•  Currently,	
  there	
  is	
  liJle	
  understanding	
  as	
  to	
  how	
  Mars	
  rocks	
  
would	
  behave	
  when	
  subjected	
  to	
  these	
  future	
  environments	
  

•  Understanding	
  the	
  mechanical	
  behavior	
  of	
  these	
  rocks	
  could	
  
influence	
  design	
  of	
  the	
  Mars	
  2020	
  sample	
  caching	
  system	
  and	
  
future	
  Mars	
  Sample	
  Return	
  (MSR)	
  missions	
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  Potential Mars Sample Return Campaign 

Sample Retrieval 
Mission 

•  Retrieve samples from 
Mars surface 

•  Launch samples into 
Mars orbit 

Stressing Loads 
•  Quasi static loads 
•  Random vibration 
•  Acoustic noise 
•  Pyroshock 

Sample Caching 
Mission 

•  Select, drill, 
encapsulate, and 
cache Mars rock cores 

Stressing Loads 
•  Rotary percussive coring 

•  Random vibration •  Earth impact 

Sample Return 
Mission 

•  Acquire samples in 
Mars orbit and return 
samples to Earth 

•  Fully passive EEV 

Stressing Loads 
•  Earth impact 
•  Quasi-static loads  
•  Dynamic environment 

Pre-­‐Decisional	
  Informa5on	
  -­‐-­‐	
  For	
  Planning	
  and	
  Discussion	
  Purposes	
  Only	
  

Tube	
  +	
  OS	
  



Jet	
  Propulsion	
  Laboratory	
  
California	
  Ins5tute	
  of	
  Technology	
  Future Stressing Environments 

FREQ(Hz)	
   ASD(g2/Hz)	
   dB/OCT	
   Grms	
  
20.00	
   0.1000	
   *	
   *	
  
50.00	
   0.2500	
   3.01	
   2.29	
  
1300.00	
   0.2500	
   0.00	
   17.83	
  
2000.00	
   0.1600	
   -­‐3.12	
   21.37	
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•  Random	
  vibra5on	
  environment	
  
for	
  Mars	
  Ascent	
  Vehicle	
  (MAV):	
  

•  Passive	
  Earth	
  Entry	
  Vehicle	
  (EEV)	
  
design	
  for	
  planetary	
  protec5on	
  
Results	
  in	
  “hard”	
  impact	
  at	
  Earth	
  
-  Sog	
  soil	
  impact	
  of	
  2500	
  g’s	
  	
  	
  

(science	
  target)	
  
-  Hard	
  surface	
  impact	
  of	
  3500	
  g’s	
  

(containment	
  target)	
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Figure 9 shows the latest NASA design concept for an MSR 
EEV [17]. The proposed system concept is all passive, 0.9 
m in diameter, and estimated to be less than 50 kg in mass. 
The heatshield is a 60° (half-angle) cone with a spherical 
nose that is designed for the 12 km/sec entry velocity. The 
shape is designed to be self-righting, even if released 
backward. The proposed EEV would hard-land on the 

surface without a parachute, with the OS protected by 
crushable material and a carbon-carbon structure. 

More detail on this mission can be found in the Decadal 
Survey concept report on the MSR Orbiter Mission [18]. 

 
Figure 8. Potential Rendezvous and Capture 

 
Figure 9. NASA EEV Concept 

EEV

16-cm Orbiting Sample (OS) container 
with battery operated UHF low-duty 
cycle beacon (as backup)

Capture Basket concept 
testing on NASA C-9 zero-g 
aircraft 

OpNav camera used for tracking, flown 
on MRO integrated with ST-6 Draper ISC 
(Inertial Stellar Compass) systems for 
rendezvous

Early orbiter concept with EEV.  OS 
is transferred to EEV upon capture. 

Orbiter tracks down and captures OS in 500km circular orbit

Containment 
Vessel

EEV development model dropped tested, reaching 
terminal velocity

(c)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

The contact defined between the cellular structure and
the impact surface was modeled using the penalty
method. In the analysis, shell elements from the
modeled impact surface were the master surface, and all
nodes of the cellular structure were defined as slave
nodes. At the beginning of the analysis, the cellular
structure was positioned approximately one millimeter
above the impact surface. This method ensured no
initial penetration of slave nodes into the master surface
upon starting the simulation.

Numerical Results
All finite element simulations were performed using the
MSC.Dytran finite element code on a Sun Ultra
Enterprise 450 engineering workstation. The maximum
time step for the impact simulation was 0.1593
microseconds. The simulated impact was run for 0.004

s to ensure that the complete acceleration pulse was
captured. After this time, the cellular structure begins

to rebound and the simulation was terminated. The
finite element simulation took approximately three CPU
hours to complete the simulation.

Data from the OS accelerometer was compared to the
analytical acceleration response of the rigid body OS in
Figure 11. The OS accelerometer data was filtered with
a 2,500 Hz low-pass filter. The numerical simulation of
the impact determined that the OS experienced a peak
acceleration of approximately 2,900 g's. The measured
peak acceleration of the OS was 2,560 g's, which was
within the design limit. Although the analytical peak
value was slightly higher, the overall shape and
duration of the acceleration pulse compared favorably
to the experimental acceleration pulse.

Acceleration, g's

-500
0.001 0.002 0.003 0.004

Time, s

The finite element simulation of the impact event
predicted a total crush stroke of 0.036 m, or 53% of the
available crush distance of the model. The impact test
showed that the cellular structure experienced a total
crush stroke of 60%, or 0.041 m. These results indicate
that the numerical model was slightly stiffer, and that
more energy needed to be dissipated from the system
during the simulated impact. However, the predicted
maximum crush stoke was only 12% lower than the
experiment. A deformed plot of the cellular structure is
shown in Figure 12.

Figure 11 - Comparison of predicted results with
experimental acceleration of the OS.

Figure 12 - Cross section of deformed impact structure
at 0.002 s showing maximum crush.

Impact Simulation #2

The objective of the second impact test was to provide
additional data for the design of the cellular structure at
higher impact speeds more representative of the EEV's
terminal velocity. In order to achieve the higher impact
velocity, a bungee accelerator was installed under the
gantry. The impact velocity of the second test
specimen was 35.52 m/s. The impact test specimen
was constructed using stronger, higher density
polyurethane foam. The total mass of the cellular
structure, CV and OS was 12.381 kg. The impact test
specimen had an outside diameter of 0.314 m and an
inside diameter of 0.178 m. The thickness of the CV
was 0.0056 m. One accelerometer was located within
the impact test specimen to capture the OS acceleration
response. Another accelerometer was mounted on the
impact test plate to measure the cellular structure
response. A low-g accelerometer was used to
determine the impact velocity. Digital video was also
used to capture the impact event. For the impact test,
the OS acceleration was completely lost due to a failure
in the accelerometer-umbilical connection. The
acceleration of the plate was captured over the first
0.0025 s, before the cable was also severed.

Finite Element Model
Changes were made to the baseline finite element
model to represent the physical changes made to the
impact test specimen. Otherwise, model discretization

was unchanged. Different material models were used
for the polyurethane foam and for the hybrid webs to
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  Test Setup: Clamshells 

Clamshell	
  Design	
  
•  Holds	
  6	
  rock	
  cores	
  each	
  
•  2	
  versions	
  accommoda5ng	
  12mm	
  and	
  13mm	
  

cores	
  (with	
  0.5mm	
  radial	
  clearance)	
  
•  Accommodates	
  varying	
  core	
  lengths	
  
•  Mul5ple	
  approaches	
  to	
  retaining	
  the	
  samples	
  

-  Variable	
  headspace	
  
-  No	
  headspace	
  
-  Secured	
  via	
  a	
  spring	
  (~20N	
  preload)	
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  Test Setup: Vibration Testing 

Horizontal	
  
Vibe	
  Ver5cal	
  Vibe	
  

•  U5lizing	
  a	
  small	
  shake	
  table	
  in	
  JPL’s	
  Environmental	
  Test	
  Laboratory	
  
•  3	
  clamshells	
  are	
  mounted	
  to	
  a	
  circular	
  vibra5on	
  mount	
  
•  Samples	
  can	
  be	
  vibrated	
  in	
  horizontal,	
  ver5cal,	
  and	
  skew	
  (45°)	
  axes	
  

-  [Ver5cal	
  =	
  along	
  length	
  of	
  core]	
  
-  Assuming	
  orienta5on	
  of	
  cores	
  with	
  respect	
  to	
  gravity	
  is	
  not	
  important	
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  Test Setup: Impact Testing 

Ver6cal  and  Horizontal
 Skew  (45°)
 The  Completed  Cube


•  100	
  lb	
  aluminum	
  alloy	
  drop	
  block	
  
•  7	
  meter	
  drop	
  height	
  onto	
  cork	
  
•  Achieves	
  ~3000	
  g’s	
  max	
  decelera5on	
  
•  Accommodates	
  3	
  clamshells	
  per	
  drop:	
  

-  Ver5cal	
  (along	
  length	
  of	
  core)	
  
-  Horizontal	
  
-  Skew	
  (45°)	
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  Mars Analog Rock Selection 

Not	
  Lithified	
  
(Regolith)	
  

Very	
  Weakly	
  
Lithified	
  

Weakly	
  
Lithified	
  

Medium	
  
Strength	
   Strong	
   Very	
  Strong	
   Extremely	
  Strong	
  

Old	
  Dutch	
  Pumice	
  
•  Weak	
  (~1-­‐10	
  MPa	
  

compressive	
  strength)	
  
•  Unaltered	
  igneous	
  

(pyroclas5c)	
  
•  Mechanically	
  consistent	
  

China	
  Ranch	
  Gypsum	
  
•  Medium	
  (~10-­‐80	
  MPa	
  

compressive	
  strength)	
  
•  Hydrated	
  sulfate	
  
•  Higher	
  biosignature	
  

preserva5on	
  

Bishop	
  Tuff	
  
•  Medium	
  strength	
  
•  Volcanic	
  ash	
  flow	
  	
  
•  Similar	
  mechanical	
  

proper5es	
  
•  Rela5vely	
  water-­‐insensi5ve	
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  Initial Impact Testing: Chalk 

•  Ini5al	
  impact	
  tes5ng	
  using	
  chalk	
  
-  Readily	
  available	
  
-  Used	
  to	
  determine	
  general	
  sensi5vi5es	
  
-  12	
  mm	
  diameter	
  cores	
  	
  
-  Up	
  to	
  8cm	
  in	
  length	
  

	
  
•  Ini5al	
  tests	
  varied	
  following	
  parameters:	
  

-  Orienta5on:	
  horizontal,	
  ver5cal,	
  skew	
  (45°)	
  
-  Headspace:	
  amount	
  of	
  ver5cal	
  clearance	
  in	
  channel	
  (0	
  to	
  50%)	
  

o  Including	
  considera5on	
  of	
  cores	
  “stuck”	
  at	
  top	
  of	
  channel	
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  Initial Impact Testing: Chalk 

•  Orienta5on:	
  
-  Greatest	
  damage	
  to	
  samples	
  dropped	
  in	
  ver5cal	
  orienta5on	
  
-  Cores	
  “stuck”	
  to	
  top	
  of	
  channel	
  experienced	
  significantly	
  more	
  damage	
  in	
  

ver5cal	
  orienta5on	
  
•  Headspace:	
  	
  

-  Increasing	
  headspace	
  increases	
  damage	
  to	
  samples,	
  mainly	
  in	
  ver5cal	
  
orienta5on	
  

Test	
  U16,	
  Ver5cal	
  Orienta5on,	
  3000	
  g’s	
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  Mars Analog Core Testing: Vibration 

•  Vibra5on	
  tests	
  conducted	
  on	
  Mars	
  Analog	
  rock:	
  Bishop	
  Tuff	
  
-  72	
  cores	
  tested	
  
-  20-­‐2000	
  Hz,	
  21.37	
  Grms,	
  3	
  minute	
  dura5on	
  
-  18	
  cores	
  each	
  individually	
  in	
  horizontal,	
  ver5cal,	
  and	
  skew	
  configura5ons	
  
-  18	
  cores	
  exposed	
  to	
  horizontal	
  +	
  ver5cal	
  (cumula5ve)	
  
-  Sample	
  reten5on:	
  12mm	
  headspace,	
  No	
  headspace,	
  20N	
  preload	
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Least	
  damage	
  in	
  ver.cal	
  orienta.on	
  +	
  
preloaded	
  samples	
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Mars Analog Core Testing: Impact 
•  Impact	
  tests	
  conducted	
  on	
  Mars	
  Analog	
  rocks:	
  Bishop	
  Tuff	
  &	
  Old	
  Dutch	
  Pumice	
  

-  36	
  cores	
  tested	
  for	
  each	
  rock	
  type	
  (3	
  total	
  drops	
  at	
  3000	
  g	
  impact	
  decelera5on)	
  
-  18	
  cores	
  each	
  in	
  horizontal	
  and	
  ver5cal	
  configura5ons	
  
-  3	
  approaches	
  tested	
  for	
  sample	
  reten5on:	
  

o  12mm	
  headspace	
  
o  No	
  headspace	
  
o  No	
  headspace	
  +	
  20N	
  preload	
  

•  Bishop	
  Tuff:	
  LiJle	
  damage	
  seen	
  across	
  all	
  orienta5ons	
  &	
  sample	
  reten5on	
  approaches	
  
•  Old	
  Dutch	
  Pumice:	
  Results	
  pending…	
  

Drop	
  #1,	
  Ver5cal	
  Orienta5on,	
  3000	
  g’s,	
  Before	
  +	
  Ager	
  

Horizontal	
   Ver5cal	
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  Results & Future Work 

•  Ini5ally	
  inves5gated	
  sensi5vi5es	
  using	
  chalk	
  	
  
-  Impact	
  in	
  horizontal	
  orienta5on	
  is	
  preferred	
  
-  Minimal	
  headspace	
  is	
  preferred	
  

•  Completed	
  ini5al	
  round	
  of	
  tes5ng	
  using	
  Mars	
  analog	
  rocks	
  
•  Bishop	
  Tuff	
  is	
  fairly	
  resilient	
  to	
  the	
  expected	
  MAV	
  random	
  vibra5on	
  and	
  peak	
  impact	
  

decelera5on	
  
•  Caveat:	
  while	
  drop	
  tower	
  achieves	
  maximum	
  likely	
  peak	
  decelera5on,	
  the	
  overall	
  

energy	
  imparted	
  is	
  less	
  (lower	
  impact	
  velocity)	
  
•  Addi5onal	
  vibra5on	
  and	
  impact	
  tes5ng	
  planned	
  for	
  a	
  range	
  of	
  weaker	
  Mars	
  

analog	
  rock	
  materials	
  
•  Larger	
  drop	
  tower	
  currently	
  under	
  fabrica5on	
  which	
  will	
  allow	
  for	
  greater	
  

impact	
  veloci5es	
  and	
  therefore	
  beJer	
  representa5on	
  of	
  expected	
  impact	
  pulse	
  
•  Transi5on	
  to	
  tes5ng	
  sample	
  cores	
  using	
  hardware	
  representa5ve	
  of	
  M2020	
  and	
  

future	
  missions	
  (tubes,	
  plugs/seals,	
  OS,	
  EEV)	
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